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Abstract 
The cost and limited flexibility of traditional approaches to 
11kV network reinforcement threatens to constrain the uptake 
of low carbon technologies. Ofgem has released £500m of 
funding for DNOs to trial innovative techniques and share the 
learning with the rest of the industry. One of the techniques 
under study is the addition of Energy Storage at key 
substations to the network to help with peak load lopping. 
This paper looks in detail at the sizing algorithm for use in the 
assessment of alternatives to traditional reinforcement and 
investigates a method of sizing a battery for use on a Network 
taking into account load growth, capacity fade and battery 
lifecycle issues. A further complication to the analysis is the 
method of operation of the battery system and how this 
affects the Depth of Discharge (DoD). The proposed method 
is being trialled on an area of 11kV network in Milton Keynes 
Central area and the simulation results are presented in this 
paper. 
1 Introduction 
To enable Distribution Network Operators (DNOs) to develop 
new approaches to reinforce the 11kV network with low 
carbon technologies, Ofgem has released £500m of funding 
for DNOs to trial innovative techniques and share the learning 
with the rest of the industry. Project FALCON (Flexible 
Approaches to Low Carbon Optimised Networks) is funded 
via this Ofgem initiative, and aims to facilitate the uptake of 
low carbon technologies by delivering faster and cheaper 
connections to the 11kV network by reducing traditional 
reinforcement requirements. The trial will provide learning on 
the use of real time data to inform network planning rather 
than traditional indicators such as total demand and 
engineering guidelines. The learning obtained throughout the 
project will be shared with other DNOs and the wider 
industry. 
 
Energy Storage at key substations is one such technique being 
studied to help with peak load shaving. Within literature there 
are a number of methodologies used to size and place battery 
energy storage systems around the grid. The majority of these 
studies are either concerned with wind farm generation for 
both grid and non-grid connected systems [1,2] or with micro 
grids [3,4] and only a small number look into sizing and 
costing of systems for offsetting grid reinforcement costs [5]. 
The published work is split into a combination of theoretical 
studies only and those with minimal life cycle validation on a 
microgrid. In some cases, the authors take into account 
battery life cycle but ignore capacity fade [3] and in others 
both capacity fade and life cycle are ignored [5]. Other 
documentation in this research arena concentrates on the 
control (switching energy storage in and out) and assumes the 
energy storage size has already been adequately set [6]. 
 
Firstly, a method of sizing a battery is investigated for use on 
a Network taking into account load growth, capacity fade and 
battery lifecycle issues using a battery equivalent circuit 
model. Finally, the paper uses a case study example from the 
FALCON trials to indicate how future sizing and 
implementation of energy storage could impact life cycle, 
using load profiles at different substations around the trial 
network taken from measured data. 
2 Battery sizing algorithm 
To use a battery as an alternative to Network reinforcement 
requires that the power and energy needed to displace the 
reinforcement be known. From Network modelling, the load 
curve can be run and the minimum power and energy 
requirement of the battery can be established from the yellow 
area as shown in Figure 1  
 
 
Fig 1:  Minimum battery sizing  
 
However, the battery cannot just be sized on minimum energy 
and power rating reduction from Figure 1, because battery life 
cycle is highly dependent on depth of discharge. A full 
battery discharge (100%) daily over a period of years will 
reduce the life cycle significantly. For example, a lead acid 
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3 
needs to be checked against the proposed charge/discharge 
cycling. to take into account the life cycle issues. Using the 
DoDCE method; the DoDCE is divided by the total number 
of cycles that the battery will undertake during its life (set to 
the number of discharges per year (Ncy) times the expected 
life span of the battery (Ny)) this allows the maximum depth 
of discharge that can be used to meet the number of charging 
cycles to be calculated (DoDm). (If DoDCE is not a straight 
line then a look up table may be used in place of this or the 
method published in ref[11]). 
 
ܦ݋ܦ௠ ൌ ஽௢஽஼ாே೎೤௫ே೤   (5) 
 
If this comes out to be greater than 100 then it means the 
battery has sufficient lifecycle available to meet the specified 
number of years operation at 100% DoD without needing to 
add an additional life span factor FLS. If the number comes out 
less than 100, say 50 this means the battery size has to be 
doubled (1/0.5) in order to ensure the battery is only 
discharged to 50% DoD to meet the life cycle. The FLS is 
therefore calculated as: 
 
ܨ௅ௌ ൌ ଵ଴଴஽௢஽೘ ൌ
ଵ଴଴௫ே೎೤௫ே೤
஽௢஽஼ா    (6) 
 
This is only an approximation for sizing the battery based on 
the worst case analysis and the actual loss of life needs to be 
re-calculated after location and operating strategy are 
determined by the network operator. 
 
Step 4: To deal with capacity fade, an intermediate energy is 
required, this is the value of energy that should remain after 
the specified number of years operation once the capacity has 
faded and is equal to  
 
(7) 
 
 
The capacity fade factor FCF is then found by considering   
capacity fade to be a function of Whr processed (as a pu of 
battery energy rating) [12,13] and can be found from the a 
combination of manufacturers data (to obtain a rate of 
capacity fade RCF ) and the quantity of Whr’s the battery is 
likely to process each year over the minimum life span of the 
battery taking into account the increase in load using FLG the 
load growth factor (ie the total throughput of energy is the 
energy per year (ET) times the load growth factor (FLG) over 
the total number of years).  
 
(8) 
 
 
 
(9) 
 
Step 5: The final total battery energy is therefore the energy at 
the end of life plus the energy lost due to capacity fade. 
 
  (10) 
This can be cross checked by multiplying this final energy by 
a capacity fade cross check  
 
(11) 
 
 
 
And ending up with the energy, E, from equation (7). 
 
The load factor FLG is provided by distribution network 
operator and is an estimate of load growth figure per year in 
pu. If the load growth is different in different years then 
instead of using ܨ௅ீே೤. The individual values for each year 
need multiplying together up to Ny. FLG,year1 x FLG, year2 etc 
 
The capacity fade and life span are also temperature 
dependent. To undertake a proper thermal analysis and 
determine the core battery temperature would require 
significant data and analysis. Approximations are possible 
and should these be necessary the equations can be derived at 
a later date. However, it should be noted that these are at best 
a poor approximation and will act to increase battery size 
further based on tenuous data. 
3 Operating strategy  
There are a number of different ways of operating the battery 
including; Manually, Forecast - Fixed schedule, Day ahead 
schedule, CT reading, Global scheme for multiple units, 
Single/multiple day strategies, Staggered starts and any 
combination of these . Within this paper three strategies will 
be looked at in more detail; 
 
1. Fixed schedule (100% battery power provided at set 
times) 
2. CT reading (100% battery power provided when an 
overload is registered) 
3. Optimum strategy (The % of battery power required 
to prevent the overload will be added when needed) 
 
These strategies or modes of operation are determined from 
the overload magnitude and duration already calculated.  
 
Mode 1 – Fixed schedule: The worst overload magnitude and 
duration already calculated will be used to set the on-off time 
for the battery, which will operate at these times every day. 
This means that battery is sometimes operating when not 
required. 
 
Mode 2 – CT reading: The magnitude and duration of 
overload for each run period will be used to determine if the 
battery should be on or off. This way the battery is only ever 
on when needed but is not necessarily on at the optimum 
value. There is assumed to be one CT per radial feeder 
located to pick up the overload location. The battery would 
not be expected to monitor other feeders as it is unlikely that 
this would affect the need for reinforcement on a different 
feeder. 
 
ܧ ൌ ܧௗ௖ݔ ௜ܲ௡ௗܲ௖ ݔܨ௅ீ
ே೤ݔܨௌெݔܨ௅ௌ 
ܥܨ ൌ 1 െ ܴ஼ி ൭
∑ ܧ்ݔሺܨ௅ீሻ௬ே௢	௬௘௔௥௦௬ୀଵ
ܧ ൱ 
ܧி ൌ ܧௗ௖ݔ ௜ܲ௡ௗܲ௖ ݔܨ௅ீ
ே೤ݔܨௌெݔܨ௅ௌ ൅ ܧݔ	ܨ஼ி 
1 െ ܴ஼ி ൭
∑ ܧ்ݔሺܨ௅ீሻ௬ே௢	௬௘௔௥௦௬ୀଵ
ܧி ൱ 
ܨ஼ி ൌ 1 െ ܥܨ 
Mo
use
run
spa
4 
ba
On
and
the
ope
use
det
cha
bat
day
 
Wi
eac
col
eac
and
 
ܥ
 
wh
sim
day
gro
of 
per
fro
fac
 
 
Th
ove
Do
occ
fro
 
 
Wh
and
in 
the
cal
5 
Th
sto
Fig
circ
de 3 – The 
d to directly 
 with the mi
n. 
Calculatio
ttery losses
ce a battery s
 operating str
 estimated 
rational persp
d for sizing 
ail at each ti
rging happen
tery is charg
). 
thin the FAL
h of 48 hal
lected togeth
h type is kno
 the capacity 
ܽ݌ܽܿ݅ݐݕ	݂ܽ݀݁
ereErated is the
ilar days to 
 and, where 
wth needs to 
the energy u
iod of the da
m network o
tor is applied 
e loss of life i
r the period 
D and multip
urred and th
m what is ava
ܦ݋ܦܥܧ௥௘௠௔௜௡
ere nc is the 
 Ec is the kW
the day then 
 DoD. Note:  
culating Ec fo
Case study
e proposed m
rage trial fee
ure 4, where
les. 
magnitude an
match the bat
nimum energ
n of loss o
 
ize has been d
ategy are rea
loss of life 
ective (as op
the battery)
me the batter
s as per man
ed and disch
CON project,
f hour perio
er into types 
wn. The kW
fade can then
ൌ 	1 െ ܴ஼ி
 final size of
that calculate
not already in
be accounted
sed in disch
y being cons
perator whe
to the loads.  
ܧௗ ൌ ∑
s calculated b
of study. This
lying by the 
en summing 
ilable. 
௜௡௚ ൌ ܦ݋ܦܥ
number of cy
h rating of th
this is equal 
load growth f
r each year. 
 
ethod is appl
der within M
 the energy s
d duration o
tery output so
y throughpu
f life, cap
etermined an
lised. It is nec
and capaci
posed to the 
. This entails
y is discharg
ufacturer’s in
arged to the
 There are 18
ds defined. 
so that the n
hs for each 
 be determine
ቆ∑ ∑
భఴ೏స
ಿ೚	೤೐ೌೝೞ
೤సభ
ாೝೌ
 the battery, n
d, Ed is the e
cluded in the
 for. The valu
arge each cy
idered where
n the approp
ܧ௖ே௢	௖௬௖௟௘௦	௖ୀଵ    
y summing u
 can be done
number of ti
over the peri
ܧ െ	∑ே௢	௬௘௔௥௬ୀଵ
cles in a day 
at cycle. If th
to Ed. The rat
actor is taken
ied to projec
ilton Keyne
torage trial s
f the overloa
 that the batt
t to maximis
acity fade 
d the best loc
essary to calc
ty fade from
estimated vari
 looking in 
ed (assuming
structions an
 same value 
 different test
These need 
umber of da
day are calcu
d from: 
௡೏ா೏௫ሺிಽಸሻ೤భ
೟೐೏
ቇ
d is the numb
nergy used in
 analysis, the
e for Ed is the
cle (Ec) ove
 Ec equals e
riate load gr
                      
p the DoDCE
 by calculatin
mes this DoD
od and subtra
∑ ௡೏ா೏ாೝೌ೟೐೏
ଵ଼ௗୀଵ
௦
(expected to 
ere is only 1 
io of Ec to E
 into account 
t FALCON e
s Central ar
ites are mark
4 
d are 
ery is 
e life 
and 
ation 
ulate 
 an 
ables 
more 
 that 
d the 
each 
 days 
to be 
ys of 
lated 
 (12) 
er of 
 that 
 load 
 sum 
r the 
nergy 
owth 
  (13) 
 used 
g the 
 has 
cting 
  (14) 
be 1) 
cycle 
rated is 
when 
nergy 
ea as 
ed by 
 
Fig 4
 
The m
of th
was t
year 
adop
deter
 
The b
all th
this b
(Mea
subse
with 
 
In th
the e
static
 
 
wher
equa
total 
125k
down
it is l
sectio
are a
more
Febru
ensur
scena
(disc
Thes
estim
 
 
 
: Energy stor
odelled load
e assets went
hen modelled
period. The th
ted and the ca
mined throug
ase case scen
e substation 
ase case, the
sured current
quent to this
a 1% load gro
e following t
xtra load grow
 rating of the 
ܫ௖
e, ܨ௅ீ௬  is the
ls 1 (starting
load growth 
W) current co
 to rated valu
ikely to be w
n of network
dditional ove
 in keeping 
ary. After 5 
e no overlo
rio, a batter
harging at up
e DOD value
ate the batter
age trial feede
ing in the ne
out of limits
 with a year o
ree battery o
pacity fade a
h simulation f
ario (year 0) 
loads until a
 loads were 1
 from the DN
 were calcula
wth per year.
able, the curr
th and bring 
line, Ic is foun
ൌ 1.66ܫ௕ሺܨ௅
 load growth
point). For 
from the base
mpensation i
e (This peak 
hen an outag
 and is being 
rloads due to 
with the trad
years, 317kW
ads on the 
y size of sa
 to 90% DO
s are listed i
y lifetime. 
r of project F
twork was in
. This heavily
n year load i
peration strat
nd life time i
or these case
was determin
 cable rating 
.66 times of 
O). Scenario
ted using lo
 
ent needed to
the overload 
d from: 
ீ௬ െ ܨ௅ீ௕ሻ   
 factors at 
example, afte
 year is 1.02
s needed to br
value occurs
e has occurre
back fed). At
increasing lo
itional peak 
 of battery 
network. Th
y 350kW w
D) to meet 
n Table  and
ALCON 
creased until 
 loaded netw
ncreases over
egies above w
mplications w
s. 
ed by increas
was reached
the original l
s for the 5 ye
ad flow analy
 compensate
back down to
                    (
year y and F
r two years 
01 and 6.9A
ing the line b
 late at night 
d on an adjac
 three years th
ad, and these
load scenario
size is needed
erefore, in 
ould be nee
the load grow
 can be used
 
one 
ork 
 a 5 
ere 
ere 
ing 
. In 
oad 
ars 
sis 
 for 
 the 
17) 
LGb 
the 
 (or 
ack 
and 
ent 
ere 
 are 
 in 
 to 
this 
ded 
th. 
 to 
5 
 
Y ܨ௅ீ௬ Time of overload 
kW to 
compen
sate  
Battery 
kW 
DoD with 
350kW 
battery 
1 1.01 
23/05 22:00 62.19 70 0.2 
20/06 22:00 62.19 70 0.2 
2 1.02 
23/05 22:00 125.29 140 0.4 
20/06 22:00 125.29 140 0.4 
3 1.03 
05/02 18:00 69.40 70 0.2 
05/02 18:30 69.40 70 0.2 
23/05 22:00 188.68 210 0.6 
20/06 22:00 188.68 210 0.6 
4 1.04 
05/02 18:00 139.11 140 0.4 
05/02 18:30 139.11 140 0.4 
23/05 21:30 62.79 105 0.3 
23/05 22:00 252.68 280 0.8 
24/05 22:00 62.794 105 0.3 
20/06 21:30 62.794 105 0.3 
20/06 22:00 252.68 280 0.8 
21/06 22:00 62.79 105 0.3 
5 1.05 
05/02 18:00 209.71 210 0.6 
05/02 18:30 209.71 210 0.6 
23/05 21:30 125.89 175 0.5 
23/05 22:00 317.28 320 0.9 
24/05 22:00 125.89 175 0.5 
20/06 21:30 125.89 175 0.5 
20/06 22:00 317.28 320 0.9 
21/06 22:00 125.89 175 0.5 
Table 1: Loading scenarios with 1% load growth over 5 years 
from maximum static limit 
 
Note: The FALCON trial battery is a lead acid battery with a 
low life span at 100% DoD. According to the parameters 
from the manufacturer, the cycle life is 4500 cycles. This can 
be approximated to a DoDCE of 450,000. The combined 
battery/inverter efficiency is approximately 85% 
 
Fixed schedule (100% battery power provided at set times) 
With the fixed schedule, the set times for discharging are 
fixed. Here, the battery will discharge two hours from 22:00 
over an assummed two week period in the first 2 years (to 
meet the requirements for back feeding a neighbouring 
network). In the last 3 years, the battery will discharge during 
two time intervals, at 18:00-19:00 (every day, as 
representative of normal peak load) and 21:30-22:30 (over the 
same two week back-feed cycle). In each cycle, the battery 
will charge and discharge 2 hours to 100% DoD. The details 
for DoDCE, Cycles and Operation hours during the 5 year 
time period are shown in the Table . The DoDCE is based on 
a battery that fades, hence, as the battery fades the DoDCE 
equivalent for the same DoD increases because the capacity 
fade means the new rated capacity Erated of the battery has 
reduced. 
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1 14 56 1400 448600 1% 696 
2 14 56 1408 447192 1% 692 
3 379 1516 38338 408853 15% 586 
4 379 1516 45280 363673 !8% 480 
5 379 1516 55271 308310 22% 373 
Table 2: Battery operating schedule on fixed timing 
 
On a fixed schedule, the battery capacity fades quickly when 
it is in daily use. By the time the battery reaches the 4th year 
of operation, the battery would no longer be able to meet the 
discharge requirements necessary for the circuit to remain 
within the thermal limit. In fact, in order to size the battery to 
ensure 5 years of operation, approximately 800kWh of battery 
would be required at start of life. 
 
CT reading (100% battery power provided when an overload 
is registered): The set times for discharging are flexible. The 
batteries will operate only over the several days when the 
current exceeds the threshold. 100% DOD is adopted in these 
operational days. According to the measured currents, the 
battery will discharge two hours from 22:00 in the first 2 
years. In the last 3 years, the battery will discharge during two 
time intervals, at 18:00-19:00 and 21:30-22:30. In each cycle, 
the battery will charge and discharge 2 hours. Therefore, the 
operation hours for each cycle should be 4 hours. The details 
for DoDCE, Cycles and Operation hours during the 5 year 
time period are shown in table 3. Using this CT reading 
strategy, the batteries do not operate every day, but they will 
discharge thoroughly in the operation days. As for fixed 
scheduling operation, the batteries will begin to discharge 
with 100% DOD when loads exceed the thermal limit. With 
the low usage the battery fade would be significantly slower 
than on a fixed schedule and therefore the battery would meet 
the 640kWh requirements of the 5th year of operation. As the 
load increases over subsequent years of operation the battery 
capacity would start to fade more quickly. 
 
Optimum strategy (The % of battery power required to 
prevent the overload will be added when needed). The 
optimum strategy makes use of the magnitude and duration of 
the overload to match the battery output, so that the batteries 
run with the minimum energy throughput to maximise life 
span. Therefore, both the set times and the DOD are variable 
according to the overload power. Since the battery discharge 
power varies with the load curve, the DOD should be 
calculated over each 30 minute period and summed over the 
6 
overload duration. With variable discharge power and time 
setting, the optimum strategy can minimise the capacity fade 
and maximise life span. The details are listed in table 4. With 
an optimum strategy, very little loss of life is calculable. 
However, the peak loads are rather scarce in the studied 
scenarios and the control will be more complex to 
implement.. 
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1 2 8 200 449800 0 699.4 
2 2 8 200 449600 0 698.8 
3 3 12 300 449300 0 697.8 
4 5 20 501 448800 0.2% 696.4 
5 5 20 503 448300 0.2% 695 
Table 1: Battery operating schedule on CT reading 
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1 0.09 2 10 449990 0 700 
2 0.09 2 30 4499970 0 700 
3 0.33 4 70 4499930 0 700 
4 0.74 8 160 449840 0 700 
5 1.11 8 290 449710 0 700 
Table 4: Battery operating schedule on optimum discharge 
6 Conclusion 
It is important to understand capacity fade and battery 
degradation on energy storage. This is because the life span of 
the battery is dependent on how much the battery is 
discharged. Modelling indicates that the operation strategy is 
of great importance to capacity fade and life time and that the 
difference in modelled battery sizing could be as much as 2 
times less if a flexible strategy rather than a fixed 
charging/discharging strategy were used. It is important to 
understand and validate the loss of life and capacity of the 
trial batteries as far as possible so that the implications on 
initial battery sizing can be used with confidence. To help 
with this, the FALCON trial batteries will be operated under 
different operating schedules and the effect on life span and 
capacity fade will be analysed. 
 
 
 
 
Acknowledgements 
The authors would like to acknowledge the assistance of 
WPD, TNEI and CGI who are partner organisations under the 
LCNF project FALCON. 
References 
[1] Yasser Moustafa, Atwa, E. F. El-Saadany, , “Optimal 
Allocation of ESS in Distribution Systems With a High 
Penetration of Wind Energy”, IEEE TRANS ON POWER 
SYSTEMS, VOL. 25, NO. 4, 2010 p1815 
[2] Zhang Yingda, Liu Nian, Zhang Jianhua “Optimum Sizing 
of Non-grid-connected Wind Power System Incorporating 
Battery-exchange Stations”, 2012 IEEE ECCE AsiaJune 2-5, 
2012, Harbin, China 
[3] D.P. Jenkins J. Fletcher  D. Kane “Lifetime prediction and 
sizing of lead–acid batteries for microgeneration storage 
applications”,IET Renewable Power Generation, April 2008 
[4] Ajai Gupta, R P Saini, and M P Sharma, “Hybrid Energy 
System Sizing Incorporating Battery Storage: An Analysis via 
Simulation Calculation” 2009 Third International Conference 
on Power Systems, Kharagpur, INDIA December 27-29 
[5] Rau, Taylor “A central inventory of storage and other 
technologies to defer distribution upgrades – optimisation and 
economics” IEEE Trans on Power Delivery, Vol. 13, No. 1 
[6] T. Logenthiran, Dipti Srinivasan “Intelligent Management 
of Distributed Storage Elements in a Smart Grid” IEEE PEDS 
2011, Singapore, 5 - 8 December 2011January 1998 
[7] “Online Parameterization of Lumped Thermal Dynamics 
in Cylindrical Lithium Ion Batteries for Core Temperature 
Estimation and Health Monitoring” Lin, X.; Perez, H. E.; 
Siegel, J. B.; Stefanopoulou, A. G.; Li, Y.; Anderson, R. D.; 
Ding, Y. Castanier, M. P. IEEE Trans.Control Systems 
Technology, , Issue: 99 2012 , Page(s): 1 
[8] Christophersen, J.P.; Motloch, C.G.; Ho, C.D.; Battaglia, 
V.S.; Morrison, J.L.; Fenton, R.C.; Duong, T.Q. “Lumped 
parameter modeling as a predictive tool for a battery status 
monitor” VTC 2003, IEEE 58th Page(s): 3257 - 3261 Vol.5 
[9] Lin Cheng; Chen Ke; Sun Fengchun; Tang Peng; Zhao 
Hongwei,“Research on thermo-physical properties 
identification and thermal analysis of EV Li-ion battery”, 
VPPC '09. IEEE, Page(s): 1643 – 1648 
[10] JD Dogger, B Roossien, and FD J Nieuwenhout 
“Characterization of Li-Ion Batteries for Intelligent 
Management of Distributed Grid-Connected Storage” Energy 
Conversion, IEEE Trans on Vol 26,No.12011 ,pp: 256 - 263 
[11] Drouilhet S., Johnson B.L.: ‘A battery life prediction 
method for hybrid power applications’. Proc. 35th 
AIAAAerospace  USA,January 1997 
[12]  Peterson, S.B., Apt, J, Whitacre J.F, “Lithium-ion 
battery cell degradation resulting from realistic vehicle and 
vehicle-to-grid utilization”, Journal of Power Sources, 
Elsevier, 2009, pp2385-2392 
[13] Haran, B.S.; Ramadass, P.; White, R.E.; Popov, B.N. 
“Capacity fade of Li-ion cells cycled at different 
temperatures” Battery Conference on Applications and 
Advances, 2002. The Seventeenth Annual  pp 13 – 18 
 
